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Advanced Technology Institute, University of Surrey, Guildford, GU2 7XH, United Kingdom 
The ability to induce an energy band gap in bilayer graphene is an important development in 
graphene science and opens up potential applications in electronics and photonics.  Here we 
report the emergence of permanent electronic and optical band gaps in bilayer graphene upon 
adsorption of  electron containing molecules. Adsorption of n- or p-type dopant molecules on 
one layer results in an asymmetric charge distribution between the top and bottom layers and in 
the formation of an energy gap. The resultant band gap scales linearly with induced carrier 
density though a slight asymmetry is found between n-type dopants, where the band gap varies 
as 47 meV/10
13
 cm
-2
, and p-type dopants where it varies as 40 meV/10
13
 cm
-2
.  
Decamethylcobaltocene (DMC, n-type) and 3,6-difluoro-2,5,7,7,8,8-hexacyano-quinodimethane 
(F2-HCNQ, p-type) are found to be the best molecules at inducing the largest electronic band 
gaps up to 0.15 eV.  Optical adsorption transitions in the 2.8 – 4 m region of the spectrum can 
result between states that are not Pauli blocked. Comparison is made between the band gaps 
calculated from adsorbate-induced electric fields and from average displacement fields found in 
dual gate bilayer graphene devices.  A key advantage of using molecular adsorption with  
electron containing molecules is the high binding energy can induce a permanent band gap and 
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opens up possible uses of bilayer graphene in mid-infrared photonic or electronic device 
applications. 
Keywords: Bilayer graphene, band gap engineering, molecular doping, surface transfer doping, 
band structure, mid infrared optical adsorption 
Graphene, and related materials, have emerged as promising candidates for technological 
advances in a number of areas of electronics, photonics and material science due to an 
impressive list of electronic,
 1 
transport
2
 and optical
3
 properties.   The discovery of single layer 
graphene (SLG) has revealed a description of the carriers in terms of massless Dirac Fermions,
4
 a 
new quantum Hall behaviour
5
 and high carrier mobility.
1
  Key to the successful application of a 
functional material in an electronic or photonic device is an ability to control the carrier 
concentration and for a number of electronic applications, especially digital switching 
applications, the zero band gap nature of SLG remains problematic as it limits the on/off current 
ratio of graphene transistors. One dimensional graphene nanoribbons (GNRs) have been shown 
to possess a band gap inversely proportional to their width,
6
 however, large scale production of 
high quality GNRs with the required precisely controlled edges
7
 is yet to be realised. Devices 
fabricated using nanoperforated graphene sheets patterned by block copolymer lithography have 
been demonstrated
8
 to achieve band gaps of 100 meV, however these devices were found to have 
a relatively low carrier mobility of around 1 cm
2
/Vs.  Bernal (AB) stacked bilayer graphene 
(BLG) possesses a number of advantages over single layer graphene due to the ability to open an 
electronic band gap by breaking the inversion symmetry between the layers.
9
  It is this fact that 
lies at the heart of much of bilayer graphene research for electronic and photonic applications.  
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The structure of bilayer graphene has been well documented and within a tight-binding 
description of AB stacking, electron hopping within the same layer between nearest neighbour 
atoms on different AB sublattices is characterised by the energy scale 0. In Bernal stacking the 
second layer is arranged such that A sublattice atoms in the upper layer (A2) are arranged above 
B sublattice atoms (B1) and characterised by hopping energy 1. Typical values of 0 and 1 are 
about 3.4 eV and 0.35-0.4 eV, respectively.
10
 Two other energy scales are of interest; 3 refers to 
hopping between A1-B2 sublattices and plays a role in trigonal warping of the Fermi surface 
contours. 4 refers to B1-B2 electron hopping and plays a role in electron-hole asymmetry and 
introduces an asymmetry in the shape of the bands and effective masses; it has been reported
10
 to 
have a value of (0.04 - 0.06)0.  The band structure of undoped bilayer graphene consists of a 
pair of nested bands in each of the valance and conduction bands with the two lowest energy 
bands touching at the K points in the Brillouin zone (Figure 1a). The two higher bands are split 
off from each with a separation at K given by 21. The point where the lowest energy bands 
touch is called the charge neutrality or Dirac point, analogous to that found in single layer 
graphene.  The majority of previous efforts focussed on opening an electronic band gap in 
bilayer graphene have used the application of displacement electric fields to induce an 
asymmetry in the on-site electron energies between the top and bottom layers.
11,12
 This method, 
though limited by the SiO2 gate dielectric breakdown field of 1 V/nm, has resulted in band gaps 
of up to 250 meV for charge neutral
12
 BLG and up to 180 meV for doped BLG.
11
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Figure 1. a) Band structure of undoped bilayer graphene taken along the path from  to K to M points in 
the Brillouin zone using non-folded notation. b) Molecular structure of the F2-HCNQ molecule; carbon 
atoms (grey), nitrogen (dark blue) and fluorine (cyan). c) Molecular structure of the DMC molecule; 
cobalt atom (light blue), carbon atoms (grey) and hydrogen atoms (white). d) High symmetry adsorption 
geometries are characterised by the location of the central portion of the molecule over different 
arrangements of the carbon atoms in the top layer. Adsorption site A corresponds to adsorption over a 
hexagonal site, site B is adsorption over a carbon-carbon bond site and site C is adsorption over a carbon 
atom site. F2-HCNQ is shown as an example. Only one molecule per unit cell is performed per 
calculation.  
 
An ability to control the carrier concentration is a key requirement for an electronic material. 
In the case of SLG this has been variously accomplished via decoration with metal adatoms,
13
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substitutional doping with nitrogen or boron atoms,
14
 edge modification using electrothermal 
reactions with ammonia,
15
 decorating SLG with ultrathin layers of Si islands,
16
 and surface 
transfer doping via the adsorption of large organic molecules;
17,18  
with some of these methods 
resulting in the opening of a band gap in SLG. In the case of the latter study, ref. 18, a 0.8 nm 
thick layer coating of tetrafluoro-tetracyanoquinodimethane (F4-TCNQ) was able to neutralise 
the substrate induced n-doping of epitaxial SLG grown on SiC and to shift the Fermi level by 
0.42 eV. At intermediate and high surface coverage, the F4-TCNQ molecules were found to be 
oriented vertically on the layer. Only at low coverage was the plane of some of the molecules 
reported to be parallel to the graphene layer. Surface transfer doping, particularly with planar 
organic molecules, therefore offers an attractive path to permanently modify the electronic 
properties in a controllable manner while introducing minimal structural deformations.  
With the success of doping single layer graphene with  electron containing molecules, we 
have extended this approach to bilayer graphene. We report charge transfer, changes to the 
carrier concentration, band structure and density of states in Bernal stacked AB bilayer graphene 
using a range of molecules.  We find that the high adsorption binding energies of  electron 
containing molecules can permanently open both an electronic and optical band gap. The 
electrical band gaps are found to be comparable to those produced by dual date displacement 
fields and the optical gaps cover the important (atmospheric) 3-5 m region and offers the 
opportunity of using BLG in photodetectors as a replacement of InSb, HgCdTe and PbSe based 
devices. Indeed a dual gated BLG device has already been employed as a hot-electron bolometer 
for 10.6 m detection with very low noise.19  An added attraction of the use of molecular dopants 
in the vicinity of the graphene layers is that adsorption does not introduce significant phonon 
scattering often found with high atomic mass oxides used as substrates.  Our goal in this study is 
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to explore what factors control the magnitude of the band gap in doped bilayer graphene and 
unlike previous studies, which have employed a single type of molecule, for example in the use 
of benzyl viologen,
20
 we employ a range of p- and n-type dopant molecules, quantify the degree 
of charge transfer and carrier density and relate to both optical and electrical band gaps. We also 
compare the size of the band gap found from the adsorbate induced internal electric field 
between the layers with those induced by average displacement fields in dual gate devices.   
We have selected technologically important molecules, previously successfully used in 
organic electronics. For example, 3,6-difluoro-2,5,7,7,8,8-hexacyano-quinodimethane (F2-
HCNQ, Figure 1b) has been shown to exhibit superior p-type doping characteristics of organic 
thin films and improved thermal stability
21
 when compared to the commonly used F4-TCNQ. 
Molecules possessing  electrons, such as F2-HCNQ, will be important in controlling the 
adsorption energies due to effective π-π stacking interactions22 and the charge transfer.  For 
example, each CN group of F2-HCNQ contributes 4 π electrons to a total of 32 π electrons per 
molecule where the high number of electronegative cyano CN functional groups result in the 
strong electron withdrawing character.  Another important molecule is decamethylcobaltocene 
(Figure 1c) which consists of a cobalt atom sandwiched between two methyl substituted 
cyclopentadienyl groups and has previously been demonstrated as an efficient n-type dopant in 
organic electronic materials and devices, due to its extremely low solid-state ionisation energy of 
3.3 eV.
 23
  Like its unsubstituted parent compound cobaltocene (CoCp2), DMC is a spin-polarised 
molecule with 19 valence electrons. While we will concentrate on the effects of the adsorption of 
F2-HCNQ and DMC, we have also examined the effects of other molecules such as CoCp2, TTF 
(tetrathiafulvalene), NH3, F4-TCNQ, DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone) and 
NO2 and report the effects of the adsorption of each of the molecules.   
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Results and Discussion 
Our density functional theory (DFT) calculations of the undoped band structure of BLG (Figure 
1a) reveal a value of 1 of 0.36 eV. From the low energy dispersion we also find that the electron 
and hole effective masses to be 0.046m0 and 0.053m0, respectively.  
F2-HCNQ adsorption on Bilayer Graphene 
From Table 1, it is evident that the optimum intermolecular separation, binding energy and 
electron charge transfer are similar for the different adsorption sites of F2-HCNQ adsorbed on 
one surface of bilayer graphene.  With the centre hexagon of the F2-HCNQ molecule above the 
hexagonal site (site A) of the top graphene layer the optimum intermolecular separation is 0.10 Å 
further away than in the preferred highest binding energy bond site position (site B) and the 
binding energy is reduced from 1.82 eV to 1.72 eV. During geometry optimisation with the F2-
HCNQ molecule above the carbon atom site (site C) the molecule was found to migrate towards 
site B, suggesting a strong preference for the bond site. The calculated high binding energies for 
F2-HCNQ on bilayer graphene are associated with a strong π-π stacking interaction.  
 
Table 1. Optimum intermolecular separation (d), binding energy (Eb) and electron charge transfer 
(Q) for F2-HCNQ adsorbed on AB stacked bilayer graphene. The electron charge transfer is 
calculated from the Hirshfeld charge partitioning and positive values for Q indicate p-type doping. 
The intermolecular separation is measured from the centre-of-mass of the molecule to the top layer 
of the bilayer graphene. 
Adsorption 
Site 
d Eb Q 
(Å) (eV) (e) 
A 3.24 1.72 0.53 
B 3.14 1.82 0.51 
C 3.14 1.90 0.51 
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We believe that the binding energy depends on the relative arrangement of the atoms in the 
molecule to the atoms in the BLG.  For example site C, in Figure 1d, where the central molecule 
hexagon is over an atom is reminiscent of Bernal AB stacking (hence high binding energy). In 
site A, the arrangement of the atoms in the molecule - top layer is similar to the less favoured AA 
stacking.  This arrangement is energetically unfavourable and would raise the total energy of the 
system and result in a lower binding energy.  However much of the charge transfer is associated 
with the cyano groups, which are not over particular carbon sites, and hence the similarity of the 
charge transfers.  Tian, Xu and Wang
24
 observed that with F4-TCNQ at low coverage the 
binding energy range from 1.8 to 1.95 eV depending on relative changes of position, so the 
variation quoted in table 1 is of a similar amount.  Upon adsorption the bond lengths of the C-N 
triple bonds in the four outer cyano groups are found to increase from 1.166 to 1.168 Å, the inner 
cyano groups also increase their bond lengths from 1.163 to 1.165 Å and the C-F bonds increase 
from 1.318 to 1.326 Å, confirming electron withdrawal from BLG.  The values of the charge 
transfer between the different adsorption site are similar with only 0.02 electrons/molecule 
difference between sites A, B and C. The electron charge transfer of 0.51 electrons/molecule 
from the bilayer graphene to the F2-HCNQ molecule corresponds to a significant increase in 
hole carrier concentration of 2.7 x 10
13 
cm
-2
. Using a dispersion corrected GGA functional 
(GGA-TS) (details in the method section) we have calculated a doping efficiency of 0.53 
electrons/molecule. These results are in good agreement with those calculated using the LDA 
functional. We have also tested the commonly used molecule F4-TCNQ adsorbed on BLG and 
found that using the same concentration of dopant molecules the charge transfer to the F4-TCNQ 
molecule was 0.36 electrons/molecule with a binding energy of 1.55 eV. Sun et al. reported
25
 the 
adsorption of F4-TCNQ on SLG to be 0.4e per molecule with a binding energy of 1.28 eV, 
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whereas for the case of adsorption on BLG, Tian et al. reported
24
 a charge transfer of 0.45e per 
molecule with a binding energy of 1.39 eV. Our results confirm the superiority of F2-HCNQ, in 
terms of binding energy (1.90 eV) and charge transfer (0.5e), as a permanent p-type dopant for 
bilayer graphene. We believe that the enhanced p-type doping found with F2-HCNQ is due to the 
higher number of cyano groups of the former.  
 
Figure 2. a) Isosurface of the change in electron density surrounding bilayer graphene with an absorbed 
F2-HCNQ molecule (isovalue ± 5 x 10
-3 
e/Å
3
). Red and blue regions show areas of increasing and 
decreasing electron density, respectively. The arrows show the direction of the electric field internal to the 
bilayer layer and also from the top layer to the molecule due presence of positively charged holes on the 
top surface. b) Density of states of undoped bilayer graphene (red line) and bilayer graphene doped with 
an F2-HCNQ molecule (black line). The LUMO level of F2-HCNQ lies 0.21 eV below ED facilitating 
electron charge transfer from the BLG to the F2-HCNQ molecule. c) Band structure of a 6 x 6 bilayer 
graphene supercell with an adsorbed F2-HCNQ molecule. d) Schematic band structure model of doped 
BLG close to the K point showing the “Mexican hat” dispersion.              
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From Figure 2a it can be seen that the majority of this transferred charge to the F2-HCNQ 
molecule is from the top BLG layer as well as some charge redistribution surrounding the 
molecule (red and blue areas). From the density of states (Figure 2b) it can be seen that the 
lowest unoccupied molecular orbital (LUMO) level of F2-HCNQ lies 0.21 eV below the charge 
neutrality Dirac point, thus enabling direct electron transfer from the states close to ED to the 
LUMO of F2-HCNQ.  The resulting charge difference between the top and bottom layers results 
in a net in-built electric field.  The band structure of graphene with adsorbed F2-HCNQ is shown 
in Figure 2c where the Fermi level (EF) is shifted downwards into the valance band by 
approximately 0.25 eV consistent with the p-type doping calculated earlier and the emergence of 
a band gap close to the neutrality point. The horizontal line in Figure 2c is the molecular 
impurity level associated with the adsorption of the molecule.  In this case the impurity level 
crosses with the graphene band and this level should be considered to be in the bilayer graphene 
valence band. Due to the “Mexican hat” dispersion9 it is necessary to carefully define the band 
gap with Figure 2d showing how the separation between the conduction and valance bands is 
slightly wider at the K point. Upon adsorption of F2-HCNQ the calculated band gap (Eg) is 118 
meV and the band separation at the K point (EK) is 121 meV.  We find that the values of Eg 
and EK agree within a tight-binding description
26
, taking 1 to be the previously calculated 
value in undoped BLG of 0.36 eV, 
  2/1212
1





K
K
g
E
E
E .      (1) 
Given the size of the band gap it is possible to estimate the strength of the resultant in-built 
electric field, Ei, arising from the adsorbate induced asymmetric charge distributions.  Within a 
tight-binding description a (screened) in-built field can be approximated as 
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d
E
E Ki

       (2) 
where d is the separation between the top and bottom layers of the bilayer graphene.
26
 In the case 
of a 6 x 6 supercell of bilayer graphene with a single adsorbed F2-HCNQ molecule the in-built 
electric field is calculated to be 0.36 V/nm, assuming a 3.35 Å separation between the layers. 
 
Decamethylcobaltocene on Bilayer Graphene 
The adsorption of DMC onto one surface of BLG occurs with a high binding energy, Table 2, of 
1.85 - 2.02 eV, with a 0.17 eV difference in binding energy between the most stable site (site A) 
and the least stable site (site B). The high binding energy of the DMC molecule to bilayer 
graphene can also be attributed a strong - interaction as DMC has 12 π electrons (6 from each 
substituted cyclopentadienyl ring).  
 
Table 2. Optimum intermolecular separation (d), binding energy (Eb) and electron charge transfer 
(Q) data for DMC adsorbed on AB stacked bilayer graphene. Electron charge transfer calculated 
from the Hirshfeld charge partitioning, negative values for Q indicate n-type doping.  
Adsorption 
Site 
d Eb Q 
(Å) (eV) (e) 
A 5.04 2.02 -0.60 
B 5.05 1.85 -0.60 
C 5.05 1.97 -0.53 
 
The optimum intermolecular separation (measured from the centre of the molecule at the cobalt 
atom to the top layer of the bilayer graphene) is almost identical for the different adsorption sites 
at 5.04 – 5.05 Å. After adsorption the structure of the DMC molecule is found to change slightly 
with the Co-Cp bond (cobalt atom to the centre of the substituted ring) shortening from 1.678 to 
1.627 Å, consistent with electron donation.  Indeed a high electron charge transfer of 0.60 
electrons/molecule transferred to the BLG is calculated when the molecule is adsorbed in the 
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most stable adsorption site (A), resulting in a carrier concentration of 3.2 x 10
13 
cm
-2
. In order to 
induce the same carrier concentration using a standard gated device configuration on a 300 nm 
SiO2 substrate would require a gate voltage in excess of 440 V (assuming a gate efficiency of 7.2 
x 10
10
 cm
-2
/V), which would exceed the breakdown field for SiO2 of 1 V/nm.  
From Figure 3a it can be seen that the spin-polarised highest occupied molecular orbital 
(HOMO) and LUMO levels of DMC are closely spaced separated by only 78 meV. The small 
energy separation between the HOMO and LUMO in DMC is characteristic of open-shell 
molecules with an odd number of electrons where the energy levels are exchange split. The 
HOMO level lies 0.75 eV above ED of bilayer graphene and this enables efficient direct transfer 
of electrons to the unoccupied π* states. For comparison the adsorption of unsubstituted 
cobaltocene, which is also considered to be an effective n-type dopant, was calculated to have a 
doping efficiency of 0.49 electrons/molecule showing the increased effectiveness of the methyl-
substituted DMC as an n-type dopant for BLG.  From the isosurface of the change in electron 
density (Figure 3b) it is clear that the transferred electron charge is more tightly localised below 
the DMC molecule than in the case of the holes induced by adsorption of F2-HCNQ. There is 
noticeable charge redistribution within the DMC molecule as the spin-polarised HOMO of DMC 
changes from being fully occupied to partially occupied. Once again the majority of the induced 
charge carriers remain on the top bilayer, resulting in a charge difference between the top and 
bottom layers and therefore an in-built electric field. The band structure of DMC doped BLG, 
which can be seen in Figure 3c, shows an upwards Fermi level shift of approximately 0.3 eV, 
consistent with strong n-type doping and the emergence of a 153 meV band gap. The energy gap 
at the K point is found to be 181 meV and from Eq. (2) we find an in-built electric field of 0.54 
V/nm. 
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Figure 3. a) Spin-polarised density of states of undoped bilayer graphene (red lines) and bilayer graphene 
with an adsorbed DMC molecule (black lines). b) Isosurface of the change in electron density with an 
adsorbed DMC molecule (isovalue ± 4 x 10
-3
 e/Å
3
). Red areas show increased electron density and blue 
shows areas of electron depletion, respectively. The arrows show the direction of the electric field internal 
to the bilayer layer and also from the top layer to the molecule due presence of negatively charged 
electrons on the top surface. c) Band structure of a 6 x 6 AB stacked bilayer graphene supercell with an 
absorbed DMC molecule. A band gap of 153 meV can be observed (181 meV at the neutrality point) and 
EF is shifted upwards by 0.30 eV with respect to undoped bilayer graphene. 
The horizontal line spanning the band structure in Figure 3c is the impurity level associated 
with the adsorption of the DMC molecule. Note the slightly splitting of where this line and bands 
cross is associated with the spin-polarised nature of the molecule. Unlike in Figure 2c, the 
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impurity level is in the conduction band of BLG making this a n-type BLG layer which has 
implications for the allowed optical transitions.  Optical adsorption transitions are possible in 
DMC doped BLG with transitions from the filled to unfilled states and the location of the Fermi 
level relative to each band will determine if the transition will occur or is Pauli blocked and at 
what energy. In the case of adsorption of DMC, the band structure of Figure 3c shows adsorption 
transitions in the 259 – 307 meV and 442 – 466 meV range are possible as the Fermi level is 
above the first conduction band, but below the second conduction band. Similarly in the case of 
F2-HCNQ the transitions (Figure 2c) transitions from 315 to 335 meV and around 436 meV are 
possible. These transitions cover the 2.8 to 4 m region and shows the doped BLG could be 
selectively used in mid-infrared photonics.    
Finally, in Figure 4a we report the variation of the electronic band gap with induced carrier 
concentration for all the molecules investigated using the same concentration of one molecule 
per bilayer graphene supercell. Similar to the case of doping single layer graphene, the p-type 
dopants F4-TCNQ and DDQ are seen to have very similar doping efficiencies of 0.36 and 0.35 
electrons/molecule transferred, respectively, with resultant band gaps of 88 and 83 meV. It can 
also be seen that the larger organic and organometallic molecules act as far more efficient 
dopants than the smaller molecules, such as NO2 and ammonia. The binding energy of the 
organic and organometallic molecules is also an order of magnitude greater than that of the 
smaller molecules; we calculate, for example, a binding energy of 0.24 eV for ammonia, 
therefore showing organic and organometallic molecules to be superior for the stable doping and 
the opening of a permanent band gap in BLG. Ammonia adsorption on bilayer graphene is found 
to exhibit amphoteric behaviour with n-type doping found with the N atom pointing to the 
bilayer and p-type doping with the H atoms closer to the bilayer.  
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Figure 4. a) Electronic band gap as a function of carrier concentration induced by a number of different 
molecules indicated; NH3-D (-U) corresponds to an ammonia molecule adsorbed with the hydrogen atoms 
closer to (further from) the top layer.  b) Variation of electrical band gap with adsorbate-induced internal 
electric field with n-type (●) and p-type (■) dopants from this study and from Tian et al. (♦) (ref. 24). The 
solid green line is a linear fit to the data through the three sets of data. Values of band gap from dual 
molecular adsorption from Duong et al. (▼) ref. 30 and Cuong et al. (▲) ref. 31.  Variation with band 
gap with average displacement fields from Zhang et al. (○) ref. 12, from Szafranek et al. (□) ref. 28 and 
from Xia et al. (◊) ref. 29. The dashed lines are linear guides to the eye.  
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For both p-type and n-type dopants, there are good linear fits of increasing band gap with 
carrier concentration with a slight asymmetry between n-type and p-type carriers. The slope with 
p-type dopants is found to be 40 meV/10
13
 cm
-2
 carriers while the slope for n-type bilayer 
graphene is 47 meV/10
13
 cm
-2
.  Zhang et al. measured a variation of 70 meV/10
13 
cm
-2
 using 
different concentrations of oxygen/moisture and a protective layer of triazine.
27
  We believe that 
the asymmetric behaviour of the band gap with carrier concentration is due to the asymmetric 
shape of the conduction and valence bands due to non-zero 4 hopping. It is interesting to note 
that we find the ratio of hole to electron effective masses found in undoped BLG to be 1.15, 
which is similar to the inverse of the ratio of the variation of band gap with carrier concentration 
for p-type and n-type dopants (1.18).  
The band gaps calculated here can be compared with those reported from studies of dual gate 
devices. Electrical band gaps can be induced in BLG using displacement fields associated with 
the top and bottom electrodes on the top and bottom layers, Dt and Db, respectively, with 
 
t
ttt
t
d
VV
D
)( 0


  and   
b
bbb
b
d
VV
D
)( 0


,     (3) 
where 
)(bt  is the dielectric constant of the insulator separating the top (bottom) electrode from 
the BLG layer, 
)(btV is the voltage applied to the top (bottom) electrode in the presence of any off-
set voltages, 
0
)(btV , due to residual atmospheric or processing doping. The average displacement 
field, Dave = ½(Dt + Db), is responsible for breaking inversion symmetry of the electron on-site 
energies and the appearance of a band gap.  A non-zero difference in fields (Dt - Db) results in a 
shift of the Fermi level and intentional doping. Figure 4b shows the electronic band gap as 
function of average displacement fields from a number of experimental studies using dual gate 
electrode geometries
14, 28, 29
 and internal electric fields determined from this study and some 
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reported in the literature using dual molecule doping.
30,31
 The difference between the values of 
the fields required is a reflection of the screened nature of adsorbate induced electric fields and 
the displacement fields. This is seen in the variation of the band gap with average displacement 
field which scales as 51-81 meV/V/nm, whereas it scales as 296 meV/V/nm with internal electric 
field. The topic of screening in bilayer layers has been the subject of considerable discussion in 
the literature.
9,32
  For example, Gava et al.
32
 calculated that in the absence of electronic screening 
the band gap (meV) scales as 30 x 10
-12
 x (net carrier density) per unit area (cm
-2
).  Including the 
effects of screening, this reduces by a factor of 4 – 4.3 for carrier densities of 1-2 x 1013 cm-2, 
similar to those found here.  
From Figure 4b it is apparent that the use of dopant molecules is able to produce an electronic 
gap comparable to those produced using a dual gate geometry, which in turn should affect the 
transistor device characteristics.  For example, in the study by Szafranek et al.
28
, with a Dave of 
1.7 V/nm using Al as a dopant, transistor on/off ratios of between 30 - 40 were measured. Lower 
on/off ratios (5 - 20) were found with devices exposed to atmospheric dopants with back gate 
displacement fields of 0.8 V/nm. Using molecular dopants, where the surface covering can be 
more accurately controlled, should lead to higher on/off ratios accompanied by lower spread in 
device performance.  Xia et al. reported
29
 a room temperature on/off ratio of 100 with an 
electrical band gap of over 130 and 80 meV at average displacement fields of 2.3 and 1.3 V/nm, 
respectively. Their BLG devices employed the deposition of 9 nm polymeric layer before HfO2 
was deposited by atomic layer deposition.  Such a polymeric layer decouples the graphene layer 
from the presence of remote interface polar phonons from the oxide substrate which can act as 
strong scattering centres.  The use of organic molecules, which can be put down by solution 
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processing, wet chemistry methods along with polymeric insulating layers should also have the 
same advantageous behaviour.   
It is also possible to combine both molecular doping and the application of an electric field to 
increase the band gap still further. In the study by Tian et al.,
24
 a value of EG of 213 meV 
increased to 253 meV in an external field of 0.77 V/nm.  The corresponding value of EK and 
built-in field were 236 meV and 0.7 V/nm under zero bias and 306 meV and 0.95 V/nm under 
external field, respectively. From Figure 4b the variation of band gap for the n- and p-type 
dopants in this study and the F4-TCNQ at high and low coverage appear to follow the same trend 
(solid green line) with internal electric field with a slope of about 296 meV/V/nm. Increasing the 
band gap even further is possible by using two different molecules in which one molecule is used 
to dope one side of a BLG layer n-type and another molecule is able to dope the other side p-type 
can increase the size of the band gap – so called dual molecule doping. For example, Duong et 
al.
30
 used a benzyl viologen (BV, n-type) - bis(trifluoromethylsulfonyl)imide (TFSI, p-type) pair 
to induce a reported band gap of 0.31 eV at an internal field of 1.7 V/nm. Cuong et al. 
31
 recently 
used three types of cation-anion pair and calculated a band gap of between 0.26 and 0.32 eV. For 
the case of a tetrafluoroborate (BF4
−
) anion/1-ethyl-1-methyl pyrrolidinum cation pair the band 
gap of 0.26 eV was found at an internal field of 2.2 V/nm.  This data is also reported in Figure 
4b; however the presence of ionic molecules may however affect the electrical conductivity of 
the BLG layer as they may increase charged impurity and resonant scattering.  In both of the 
latter two studies it was noted that the Fermi level could be shifted in to the band gap thereby 
producing an intrinsic semiconductor. Single molecule doping, as in this study, although easier to 
implement tends to result in the impurity bands being located in either the valence or conduction 
band, as in Figure 2c and 3c. Dual molecule doping with a Fermi level in the middle of the bands 
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results in a net lower carrier concentration.  It would allow more optical transitions to occur 
where there is less Pauli blocking of states.  
Molecular doping, using either single or dual species, has the added advantage of not inducing 
structural defects into the carbon lattice. Zhao and Xue
33
 recently employed B or N ion 
implantation into BLG and reported a band gap of 392 meV. However the substituted B or N ion 
in the top BLG layer was accompanied by knock on of a C atom to form a carbon-carbon 
dumbbell defect on the lower layer. The formation energy of B (N)–dumbell defect complex was 
calculated, via DFT, to be 11 eV (7.1 eV) which would require a non-equilibrium technique, 
such as ion implantation to implement. These authors highlighted that ion implantation as a 
technique could also result in the creation of sp
3 
defects which could aid in cross-linking of the 
graphene layers; however from a transport perspective it may reduce mobility and introduce 
resonant scattering centres. As such despite the attractiveness of ion implantation as a mature 
technique to modify the properties of the layers, it may introduce significant detrimental effects 
in terms of electrical behaviour. Solution deposition of organic molecules may therefore have a 
significant advantage for large area bilayer graphene science and technology to improve 
electrical conduction and allow the use of BLG as conductive electrode materials as well as open 
an energy gap for transistor and mid-infrared photonic applications.  
 
Summary and Conclusions 
Using ab initio DFT calculations we have shown that a number of organic and organometallic 
molecules can be utilised in order to dope bilayer graphene and open an energy gap. We have 
also demonstrated the superiority of F2-HCNQ and DMC over the commonly used F4-TCNQ 
and cobaltocene molecules. These molecules are found to adsorb with high binding energies 
Samuels and Carey, ACS Nano 7, 2790 – 2799 (2013) 
 
 20 
enabling a stable doping method for bilayer graphene based devices. By decorating one side of 
bilayer graphene it is possible to induce a permanent electronic band gap of up to 150 meV. The 
electronic band gap is found to vary as 40 meV/10
13
 cm
-2
 for p-type doping and 47 meV/10
13
 cm
-
2
 for n-type doping. The opening of a permanent band gap in BLG will help to improve the 
on/off current ratio of graphene based transistors and a tunable band gap in the mid-infrared 
region enables the development of graphene based photonic detectors.  
 
Methods: Computational Details 
The ab initio calculations are performed within the DMol
3
 code based on density functional 
theory. The bilayer graphene supercell is modelled using a 6 x 6 unit cell, lattice constant a
L 
= 
6a
0
 (where a
0
 is the graphene unit cell lattice constant 2.461 Å) with 144 carbon atoms (72 C 
atoms per layer, area per layer of 188.82 Å
2
) and 3.35 Å interlayer separation. A vertical spacing 
of 20 Å between pairs of graphene bilayers has been used in order to avoid self-interaction. The 
Brillouin zone has been integrated using a 5 x 5 x 1 Monkhorst-Pack
34
 grid for geometry 
optimisation, binding energy and charge transfer calculations and a finer 10 x 10 x 1 grid has 
been employed for the calculation of the density of states and band structure. The high symmetry 
points in the band structure are labelled in non-reduced notation. The local density 
approximation (LDA) functional of Vosko, Wilk and Nusair
35
 has been utilised for the majority 
of the results presented here. Although neither the LDA, nor the generalised gradient 
approximation (GGA), functional fully account for van der Waals (vdW) interactions, the LDA 
functional has been shown to perform well for adsorption on graphene and weakly bound 
systems,
36,37
 such as those under consideration here. For the sake of comparison we have also 
performed benchmark calculations using a vdW corrected GGA functional of Perdew, Burke and 
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Ernzerhof
38
 with a dispersion correction devised by Tkatchenko and Scheffler.
39
 Only a limited 
number of dispersion corrected DFT calculations have been completed due to the computational 
cost of these calculations.  
All calculations of electron charge transfer were performed using the Hirshfeld charge 
partitioning method.
40
 A double numerical plus polarisation (DNP) basis set has been employed 
to describe the molecular orbitals with an all-electron core treatment. An orbital cut-off has been 
applied to give atomic energies that are within 0.1 eV/atom of their reference values. All 
geometry optimisations were converged such that the maximum force on any atom in the system 
was less than 0.04 eV/Å. Three different adsorption high symmetry sites above the top graphene 
layer have been investigated with the centre of the molecule above a hexagonal site of the top 
layer (site A), above a carbon-carbon bond site (site B) and above a carbon atom in the top layer 
of the BLG (site C), as shown in Figure 1d. The potential energy is the difference between the 
energy of the combined BLG-molecule system at the optimum intermolecular separation and the 
total energy of the BLG and molecule on its own. 
moleculegraphenetotalpotential EEEE       (4) 
The binding energy is defined as the magnitude of the minimum potential energy at the optimum 
intermolecular separation where the intermolecular separation is taken from the centre-of-mass 
of the molecule to the graphene layer.  The electron density difference is the difference between 
the electron density surrounding the BLG in the presence and absence of the molecule.    
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